Translational initiation of the human BiP mRNA is directed by an internal ribosomal entry site (IRES) located in the 5′-untranslated region (5′-UTR). In order to understand the mechanism of the IRES-dependent translation of BiP mRNA, cellular proteins interacting with the BiP IRES were investigated. La autoantigen, which augments the translation of polioviral mRNA and hepatitis C viral mRNA, bound specifically to the second half of the 5′-UTR of the BiP IRES and enhanced translation of BiP mRNA in both in vitro and in vivo assays. This finding suggests that cellular and viral IRESs containing very different RNA sequences may share a common mechanism of translation.
INTRODUCTION
Translation of the majority of eukaryotic mRNAs is initiated through a cap-dependent mechanism termed 'ribosome scanning' (1) . Binding of the small ribosomal subunit is mediated by interaction of a cap-binding initiation factor complex (eIF4F) to the 7-methylguanosine cap structure at the 5′-end of a mRNA. In contrast, translation of some mRNAs occurs in a cap-and 5′-end-independent manner through an internal segment in the 5′-untranslated region (5′-UTR). This RNA element has been termed the 'internal ribosomal entry site' (IRES) (2, 3) . IRES elements were first discovered in picornavirus mRNAs, which contain long, highly structured 5′-UTRs but lack a cap structure at the 5′-end of their mRNAs (3, 4) . Since then, many IRES structures have been discovered in related picornaviruses (5) and unrelated viruses such as hepatitis C virus (6), simian immunodeficiency virus (7) and Plautia stali intestine virus (8) . The human immunoglobulin heavy chain-binding protein (BiP/GRP78) was the first cellular mRNA reported to harbor an IRES (9) . The latest list of cellular IRESs includes the proto-oncogene c-myc (10, 11) , platelet-derived growth factor 2 (PDGF2/c-sis) (12) , the eukaryotic translation initiation factor eIF4G (13) , vascular endothelial growth factor (VEGF) (14) , ornithine decarboxylase (15) , p58 (PITSLRE) (16) , X-linked inhibitor of apoptosis protein (XIAP) (17) , NF-κB repressing factor (NRF) (18) , AML1/RUNX1 (CBFA/PEBP2α) (19) and apoptotic protease activating factor (Apaf-1) (20) .
BiP protein has been identified as an immunoglobulin heavy chain-binding protein (21) . BiP protein binds transiently to a variety of nascent secretory and transmembrane proteins and it binds to misfolded proteins that accumulate in the endoplasmic reticulum (ER). Suggested functions for the BiP protein include mediation of proper folding, assembly of nascent proteins in the ER and scavenging of misfolded proteins in the ER (22) . BiP protein is also known as glucose-regulated protein 78 (GRP78). It is homologous to heat-shock protein 70 (HSP70) (23) . Expression of BiP is regulated at the transcriptional level where synthesis of BiP mRNA is induced under a variety of stress conditions such as glucose starvation and treatment with calcium ionophores, calcium-chelating agents such as EGTA and compounds that block cellular glycosylation, such as tunicamycin and glucosamine (24, 25) . Furthermore, several reports have suggested that expression of BiP protein is also regulated at the translational level (26) (27) (28) (29) . For example, translation of BiP mRNA becomes enhanced when translation of most host cellular mRNAs is inhibited upon poliovirus infection (27) .
Although a number of cellular and viral IRES elements have been identified, little is known about the details of the mechanism of IRES-dependent translation except that some primary sequences and secondary structures of certain IRES elements are crucial for efficient translation. It is generally believed that IRES-dependent translation requires some of the canonical initiation factors functioning in the cap-dependent translation process (30) . Certain IRES-dependent mRNAs require other specific cellular factors, which specifically interact with the mRNA for efficient translation. La autoantigen (31), polypyrimidine tract-binding protein (PTB) (32), upstream of N-ras (33) and poly(C)-binding protein (PCBP) (34) are included among the cellular factors enhancing IRES-dependent translation.
Human La autoantigen (SS-B) has been shown to stimulate IRES-dependent translation of polioviral mRNA and HCV mRNA (31, 35) . La protein was originally identified as an autoantigen recognized by sera from patients with systemic lupus erythematosus and Sjögren's syndrome (36) . La protein belongs to the RNA-binding proteins containing a RNA recognition motif (RRM) (37) . It is involved in regulation of the initiation and termination of transcription by RNA polymerase III (38, 39) . In addition, La protein is associated with polymerase II RNA transcripts, such as U1 RNA (40) , as well as viral RNAs, including Epstein-Barr virus encoded RNAs (41), adenovirus VA RNAs (42), vesicular stomatitis virus leader RNAs (43), the 5′-UTR of picornaviruses (31) and the HIV TAR sequence (44) . In the case of poliovirus and hepatitis C virus, addition of purified La to rabbit reticulocyte lysates (RRL) stimulates viral IRES-dependent translation (31, 35 (45) . In the case of EMCV, translational suppression by surplus PTB was relieved by addition of La protein (46) .
Polypyrimidine tract-binding protein/heterogeneous nuclear ribonucleoprotein I (PTB/hnRNP I), which was originally proposed to be a splicing factor, specifically interacts with IRESs of encephalomyocarditis virus (EMCV) (47, 48) , poliovirus (49) and foot-and-mouth disease virus (FMDV) (50) . Binding of PTB often results in an enhancement of IRESdependent translation (33, 48, (51) (52) (53) . On the other hand, binding of PTB to the BiP IRES was shown to inhibit translation of BiP mRNA (26) .
A few cellular proteins have been reported to interact with cellular IRESs. For instance, hnRNP C binds in a differentiationinduced manner to the c-sis IRES (54) and La modulates internal initiation directed by the XIAP IRES (17) . The mechanisms of modulation of IRES-dependent translation by RNA-binding proteins remains to be elucidated.
Here we report that La specifically binds to the second half of the BiP 5′-UTR (nt 115-207). Purified La protein augments translation of BiP mRNA in an in vitro translation system and overexpression of La protein in Cos-7 cells enhances BiP IRES-dependent translation.
MATERIALS AND METHODS

Plasmid construction
Enzymes used for cloning and modifying DNA were purchased from New England Biolabs and Boehringer Mannheim. Construction of the plasmids containing BiP IRES [pSK(+)/CAT∆-BCAT, pSK(+)/BiP-CAT, pSK(+)/BiP-CAT(50-117) and pSK(+)/BiP-CAT(115-221)] has been described by Kim et al. (26) . In plasmid pSK(+)/CAT∆-BCAT the T7 promoter is followed by a dicistronic mRNA sequence (CAT∆ represents a truncated CAT gene).
Dicistronic constructs were generated by assembling a cassette vector containing the Renilla (RLuc) and firefly (FLuc) luciferase genes as cistrons 1 and 2, respectively. Plasmid pEGFP-N1 (Promega) was digested with PinAI and SspB1 to remove the EGFP gene and then self-ligated to construct p∆EGFP-N1. Plasmid pELuc containing a FLuc gene was generated by ligating a PstI-NotI fragment of plasmid p∆EGFP-N1 to a PstI-NotI fragment of PCR-amplified FLuc gene. The PCR reaction was carried out with pGL2-control (Promega) and the oligonucleotides 5′-AATTTGCGGCCG-CAAGCTTACATTTTACAATTTGGAC-3′ and 5′-AAACT-GCAGATGGAAGACGCCAAAAAC-3′ as template and primers, respectively. To construct the dicistronic plasmid pRF, which contains the RLuc and FLuc reporter genes, a XbaI-NotI fragment of pRL-CMV (Promega) containing a RLuc gene was ligated to a NheI-NotI fragment of pELuc. Plasmids pR/BiP/F and pR/EMCV/F were constructed by inserting the BiP IRES and EMCV IRES sequences into the intercistronic site of plasmid pRF, respectively.
For construction of plasmid pT7-7/La, La cDNA was amplified by PCR using pGEX-KG/La as template (46) . The oligonucleotides 5′-GGGAATTCACATGGCTGAAAATGG-TGATAATG-3′ and 5′-ACTCTGCAGCTACTGGTCTC-CAGCACC-3′ were used as primers. The PCR product was digested with PstI and EcoRI and then ligated into the PstI-EcoRI fragment of pT7-7. Plasmid pEGFP-La was generated by ligating a HindIII-Klenow-filled EcoRI fragment of plasmid pT7-7/La to a SalI-Klenow-filled EcoRI fragment of pEGFP-C1/PTB (46) . Plasmid pH(1-402) was constructed by ligating a fragment of pSK(-)/CAT (55) digested with KpnI and BamHI to a PCR amplified fragment digested with KpnI and BamHI. The PCR reaction was carried out using pKI5 and the oligonucleotides 5′-CGCGGATCCCTGTGGGCGGCGGTTG-3′ and 5′-CGGGGTACCGCCAGCCCCCGATTGGGGGCGACACT-CCACCATAGATC-3′ as template and primers, respectively.
In vitro transcription and translation
Plasmid DNAs were purified using the polyethyleneglycol precipitation method (56) (48) and BamHI-digested pH(1-402) plasmids were used to generate the full-length EMCV IRES, poliovirus IRES and HCV IRES, respectively. SalI-digested pTM1-PTB1 (57) and HindIII-digested pT7-7/ La were used as templates for in vitro transcription of PTB1 and La mRNA, respectively. Luciferase mRNA was purchased from Promega. Biotinylated RNAs were synthesized by including biotin-labeled UTP (Clontech) in the transcription reaction.
In vitro translations in micrococcal nuclease-treated RRL (Promega) were performed in 20 µl reaction mixtures containing 6 or 30 nM mRNA. The translation reactions were carried out at 30°C for 1 h in the presence of [ 35 S]methionine (NEN). Translation products were analyzed by 15% SDS-PAGE. The intensity of the autoradiographic images was enhanced by fluorography using salicylic acid. The gels were dried and exposed to Kodak XAR-5 or Agfa Curix RP1 film for 12-18 h. The efficiencies of the translations were quantified using a densitometer (Bioimage 50S Series; BioImage System Corp.).
The purification procedure for recombinant human La protein has been described previously (46) . All purified proteins were dialyzed against LD buffer (16.2 mM HEPES-KOH pH 7.5, 50 mM KCl, 0.5 mM DTT, 0.1 mM EDTA, 10% glycerol).
Streptavidin-acrylamide precipitation of La protein with biotinylated RNA
Co-precipitation of La with BiP RNA was investigated as described by Hahm et al. (55) , with slight modifications. 35 S-labeled La, PTB or luciferase, generated by in vitro translation in RRL, was mixed with 1.25 µg biotinylated RNA and 10 µg yeast tRNA (Boehringer Mannheim) in 15 µl of KHN buffer (150 mM KCl, 20 mM HEPES pH 7.9, 0.05% Nonidet P-40, 0.2 mM DTT). The binding reaction was carried out at 4°C for 1 h. The reaction mixture was further incubated at 4°C for 1 h after addition of 1 ml of KHN buffer and 70 µl of streptavidin-acrylamide beads (Pierce). The beads were collected by centrifugation, washed three times with 1 ml of KHN buffer, resuspended in 20 µl of protein sample buffer and then boiled for 4 min. After centrifugation, 20 µl of the supernatant was analyzed by 12% SDS-PAGE followed by autoradiography. For the binding assay using western blot analysis, 100 µg HeLa cell cytoplasmic extract was mixed with 10 µg or 0.9 µM biotinylated RNA and 30 µg yeast tRNA (Boehringer Mannheim) in 52 µl of KHN buffer. The other steps were as described above.
UV crosslinking of labeled RNAs and proteins
UV crosslinking reactions were performed as described previously (26) . RNA probes (2 × 10 5 -4 × 10 5 c.p.m.) purified on push columns (Stratagene) were incubated at 30°C for 20 min with 0.1 µg purified La in 30 µl of reaction mixture. After RNA binding, the reaction mixtures were irradiated with UV light on ice for 15 min using a UV-Stratalinker (Stratagene). Unbound RNA was removed by digestion with 20 µg RNase A, 200 U RNase T1 and 1 U RNase V1 (cobra venom nuclease; Pharmacia Biotech) at 37°C for 30 min. The RNA-protein complexes were analyzed by 12% SDS-PAGE followed by autoradiography.
Cell culture and transfection
Cos-7 cells were transfected using the electroporation procedure. Cells were co-transfected with a dicistronic reporter plasmid and a vector expressing the effector protein. About 48 h after transfection the cells were harvested and lysed by freezing and thawing. Renilla luciferase and firefly luciferase activities of cell extracts were measured using the dual-luciferase reporter assay system (Promega).
Western blot analysis
Cell extracts or RNA-bound samples were resolved by 12% SDS-PAGE and transferred to a nitrocellulose membrane (Amersham). The membrane was blocked overnight with 5% skimmed milk in TBS buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% Tween-20) and then incubated with antihuman La monoclonal antibody (46) or anti-GFP monoclonal antibody (Clontech) for 2 h. Horseradish peroxidaseconjugated anti-mouse IgG was used as secondary antibody. To visualize bands, the membrane was developed employing the ECL method according to the supplier's instructions (Amersham).
RESULTS
La autoantigen binds to the BiP 5′-UTR
In order to investigate whether La protein interacts with the BiP 5′-UTR, we performed an RNA affinity resin binding assay (Fig. 1A) . RNAs corresponding to the full-length BiP and HCV IRESs were synthesized by in vitro transcription in the presence of biotinylated UTP. 35 S-labeled luciferase, PTB and La proteins, synthesized in an in vitro RRL translation system (Fig. 1A, lanes 1-3, respectively) , were used to test the interactions with the biotinylated RNAs. After incubation of the labeled proteins with the biotinylated RNAs, the RNAs were precipitated with streptavidin-acrylamide and then the co-precipitated proteins were analyzed by SDS-PAGE. 35 S-labeled luciferase, a negative control protein, did not show any interaction with the BiP or HCV IRES (Fig. 1A, lanes 4  and 7) . As had been demonstrated in a previous report (26) , PTB bound weakly to the BiP and HCV IRESs (Fig. 1A, lanes  5 and 8) . On the other hand, 35 S-labeled La was co-precipitated with both the BiP and HCV IRESs, as seen in lanes 6 and 9 of It has been reported that La protein binds to certain IRES elements, such as those of poliovirus and HCV (31, 35) . To compare the interactions of La with different IRES elements, RNA affinity resin binding assays were performed using HeLa cell extracts and different IRES RNAs (Fig. 1B) . Biotinylated RNAs spanning the HCV, EMCV, poliovirus and BiP IRESs were synthesized using T7 RNA polymerase. After incubating HeLa cell extracts with the biotinylated RNAs at the same molarity, the RNA-bound proteins were precipitated with streptavidin-acrylamide beads, resolved by SDS-PAGE and then subjected to western blot analysis with anti-human La antibody. Whereas La protein bound strongly to the poliovirus or BiP IRES (Fig. 1B, lanes 4 and 5) , it bound weakly to the HCV IRES (Fig. 1B, lane 2) . On the other hand, La protein was not detected among the proteins bound to the EMCV IRES under these conditions (Fig. 1B, lane 3 ). All of the tested RNAs (HCV, EMCV, poliovirus and BiP) showed similar stabilities under the binding assay conditions (data not shown). This indicates that the differences in intensity of the La protein bands in Figure 1B reflect differences in RNA affinity rather than RNA stability.
In order to determine the domain of BiP IRES required for interaction with La protein, we performed RNA-protein binding assays with RNAs corresponding to various parts of the BiP 5′-UTR as depicted in Figure 2A . La protein bound preferentially to the full-length BiP IRES and BiP UTR(115-232) (Fig. 2B, lanes 2 and 5, respectively) . La protein bound weakly to the BiP UTR(50-117) fragment (Fig. 2B, lane 4) . On the other hand, binding of La to the BiP UTR(1-53) RNA fragment was not detected (Fig. 2B, lane 3) .
The effect of the initiator AUG codon on La binding was also investigated, since the initiator AUG codon of HCV had been reported to affect binding of La to the IRES element (35) . The RNA-binding activity of La was tested using RNAs corresponding to the BiP 5′-UTR sequences (115-232), (115-207), and (Fig. 2C) . We found that La protein bound efficiently to BiP UTRs containing nt 115-207, such as UTR (1-232) To further confirm the direct interaction of La protein and the BiP IRES, UV crosslinking experiments using 32 P-labeled full-length BiP IRES and purified La were performed in the presence of cold competitor RNAs corresponding to different portions of the BiP 5′-UTR (Fig. 2D) . Addition of a 10-and 100-fold molar excess of cold full-length BiP IRES strongly inhibited binding of La protein to the probe (Fig. 2D, lanes 2  and 3) . Moreover, BiP UTR(115-232) also strongly competed for binding of La to the BiP IRES, similarly to the full-length BiP IRES (Fig. 2D , compare lane 6 with 2). BiP UTR(50-117) competed slightly for La binding (Fig. 2D, lane 5) , whereas BiP UTR showed no competition (Fig. 2D, lane 4) . These observations coincide well with the RNA-protein coprecipitation results shown in Figure 2B and C. This indicates that La preferentially binds to the second half of the BiP 5′-UTR (nt 115-207). 
La autoantigen selectively enhances BiP IRES-dependent translation in vitro
The role of the La protein in BiP IRES-dependent translation was examined in a RRL translation system, which contains less endogenous La protein compared with HeLa cell extract (31, 46) . In the case of capped dicistronic CAT∆-BCAT mRNA, the relative ratio of translation directed by the BiP IRES to translation by ribosome scanning was inversely correlated with the mRNA concentration used in the in vitro translation reaction (data not shown). In vitro translation reactions were performed with 6 nM capped CAT∆-BCAT mRNA, shown in the top panel of Figure 3 . Addition of increasing amounts of purified La protein gradually enhanced BiP IRESdependent translation up to 2.7-fold, whereas the first cistron (CAT∆) was unaffected (Fig. 3, lanes 1-3) . On the other hand, BSA did not affect either internal initiation directed by the BiP IRES or cap-dependent translation (Fig. 3, lane 4) .
Overexpression of La autoantigen enhances BiP IRESdependent translation in vivo
The enhancing effect of La autoantigen on BiP IRESdependent translation in vivo was examined using a transient expression system. A dicistronic vector pR/BiP/F, comprising RLuc-BiP IRES-FLuc, was constructed for use as a reporter (Fig. 4A) . The reporter plasmid was co-transfected into Cos-7 cells with effector plasmid pEGFP or pEGFP-La. Renilla luciferase and firefly luciferase activities were measured to monitor translation of the reporter genes (see Materials and Methods). The expression levels of endogenous La protein or the effector proteins in the transfected cells were monitored by western blot analysis using anti-human La monoclonal antibody or anti-GFP monoclonal antibody (Fig. 4B) . The densitometric measurement of total La protein indicated that the level of GFP-La was ∼3-fold higher than that of endogenous La protein. Taking the transfection efficiency of the cells (∼10-15%) into account, the level of GFP-La in each transfected cell was much higher than that of endogenous La protein (∼20-fold). Interestingly, western blot analyses revealed some La-related proteins (indicated by arrows). These proteins are likely to be C-terminally truncated La and GFP-fused La proteins that could have been generated by caspase-3 (58) .
The expression of FLuc directed by BiP IRES was enhanced as the GFP-La level increased in a dose-dependent manner (Fig. 4A) . The relative ratio of Fluc to Rluc was increased up to 4.1-fold when GFP-La was co-expressed (Fig. 4A, compare  lanes 1 and 4) . In contrast, expression of FLuc via the EMCV IRES was unaffected by co-expression of 10 µg GFP-La (Fig. 4A, compare lanes 5 and 6) . These results, along with the in vitro data, indicate that La autoantigen enhances translation directed by the BiP IRES.
DISCUSSION
La protein has been suggested to stimulate IRES-dependent translation of several viral mRNAs, such as from HCV and poliovirus (31, 35) . However, the role of La protein in cellular IRES-dependent translation has not as yet been described. Here we report that La protein interacts with a cellular IRES (BiP) and enhances IRES-dependent translation.
Rather large quantities of purified La protein were required for the enhancement of BiP IRES-dependent translation (Fig. 3) . This might be due to a low specific activity of the La protein expressed in Escherichia coli, which produces modificationdeficient proteins. Fan et al. (59) demonstrated that La is a phosphoprotein and that phosphorylation of the La protein is involved in the regulation of recycling of the RNA polymerase III transcription complex. Therefore, it is possible that phosphorylation of La protein may be required for the full activity, although both phosphorylated and dephosphorylated La protein bind to RNA equally well (59) .
Previously, Yang and Sarnow (60) tried to identify cellular proteins interacting with the BiP IRES. The authors found 60 and 90 kDa proteins specifically interacting with the 3′-half (nt 129-220) of the BiP IRES. Immunochemical studies indicated that the 60 kDa protein is neither PTB nor La protein.
The authors, however, did not perform experiments that could show the interaction between the the BiP IRES and La protein described in this report. Therefore, the discrepancy between these results is likely due to the differences in biochemical approaches used in the experiments. In the previous report the authors used a nuclear extract, while we used a cytoplasmic extract as protein source. Moreover, the authors did not investigate the effect of La protein on translation of BiP mRNA.
La antigen is localized mainly in the nucleus, but it may shuttle between the nucleus and the cytoplasm (61) . Moreover, intracellular redistribution (cytoplasmic accumulation) of La protein occurs under certain stress conditions, such as UV irradiation (62) , virus infection (31, 63) , apoptosis (58) and inhibition of RNA synthesis (61) . Although the level of GFP-La in each transfected cell was much higher than that of endogenous La protein (∼20-fold; Fig 4B) , most of the GFP-La was localized in the nucleus (data not shown). Only a small portion of GFP-La seems to stay in the cytoplasm and participate in IRES-dependent translation. This subcellular localization pattern of La protein likely contributes to the requirement for a large quantity of La protein for translational activation.
It is not clear how La protein enhances translation of BiP mRNA. It is possible that La may recruit the translational machinery, such as translational initiation factors and/or the 40S ribosomal subunit, near the initiation codon. In this respect, interaction of La protein with the 40S ribosomal subunit, perhaps by direct association with 18S rRNA, may give a clue to this kind of mechanism (64) . Alternatively, La may induce a conformational change in the IRES element to facilitate interaction between RNA and translational machinery. The RNA helicase (65) and molecular chaperone (66, 67) activities of La protein may play a role in this process.
What would be the physiological implications of translational regulation of BiP mRNA by La protein? La protein binds to the cellular IRES of XIAP (17), which is up-regulated by low dose ionizing irradiation (68) . A dominant-negative deletion mutant of La (amino acids 226-348) reduced translation of XIAP mRNA in vitro and in vivo. This suggests that La protein is also involved in cellular mRNA translation. Intriguingly, La mRNAs that are composed of at least two isoforms (La1 and La1′) through alternative splicing, themselves contain IRES elements in the 5′-UTRs (69) . This may be a survival strategy of cells under stress conditions that suppresses cap-dependent translation. Even under stress conditions, La protein may be translated continuously through the IRES elements. La protein, in turn, may assist translation of some mRNAs, such as XIAP and BiP, that are required for down-regulation of the stress response when environmental conditions become normal.
BiP protein, which is also known as GRP78, is homologous to HSP70 (23) . La protein is one of the autoantigens recognized by sera from autoimmune patients with systemic lupus erythematosus and Sjögren's syndrome (36) . Overexpression of some heat-shock proteins has been detected in human autoimmune diseases such as systemic lupus erythematosus (70, 71) . Moreover, Ku protein, which was discovered as an autoantigen in a patient with scleroderma-polymyositis overlap syndrome, has been shown to modulate expression of hsp70 at the transcription level (72) (73) (74) . Here we report that the autoantigen La enhances translation of a heat-shock protein (BiP) at the translation level. The relationship between heatshock proteins and autoantigens, therefore, is an intriguing aspect of autoimmune diseases.
